In addition to quantitative differences in morphogen signaling specifying cell fates, the vector and slope of morphogen gradients influence planar cell polarity (PCP) and growth [1] [2] [3] [4] [5] [6] [7] [8] [9] . The cadherin Fat plays a central role in this process. Fat regulates PCP and growth through distinct downstream pathways, each involving the establishment of molecular polarity within cells [10, 11] . Fat is regulated by the cadherin Dachsous (Ds) and the protein kinase Four-jointed (Fj), which are expressed in gradients in many tissues [12, 13] . Previous studies have implied that Fat is regulated by the vector and slope of these expression gradients [2-9]. Here, we characterize how cells interpret the Fj gradient. We demonstrate that Fj both promotes the ability of Fat to bind to its ligand Ds and inhibits the ability of Ds to bind Fat. Consequently, the juxtaposition of cells with differing Fj expression results in asymmetric Fat:Ds binding. We also show that the influence of Fj on Fat is a direct consequence of Fat phosphorylation and identify a phosphorylation site important for the stimulation of Fat:Ds binding by Fj. Our results define a molecular mechanism by which a morphogen gradient can drive the polarization of Fat activity to influence PCP and growth.
In addition to quantitative differences in morphogen signaling specifying cell fates, the vector and slope of morphogen gradients influence planar cell polarity (PCP) and growth [1] [2] [3] [4] [5] [6] [7] [8] [9] . The cadherin Fat plays a central role in this process. Fat regulates PCP and growth through distinct downstream pathways, each involving the establishment of molecular polarity within cells [10, 11] . Fat is regulated by the cadherin Dachsous (Ds) and the protein kinase Four-jointed (Fj), which are expressed in gradients in many tissues [12, 13] . Previous studies have implied that Fat is regulated by the vector and slope of these expression gradients [2] [3] [4] [5] [6] [7] [8] [9] . Here, we characterize how cells interpret the Fj gradient. We demonstrate that Fj both promotes the ability of Fat to bind to its ligand Ds and inhibits the ability of Ds to bind Fat. Consequently, the juxtaposition of cells with differing Fj expression results in asymmetric Fat:Ds binding. We also show that the influence of Fj on Fat is a direct consequence of Fat phosphorylation and identify a phosphorylation site important for the stimulation of Fat:Ds binding by Fj. Our results define a molecular mechanism by which a morphogen gradient can drive the polarization of Fat activity to influence PCP and growth.
Results
Fat and Dachsous (Ds) are very large (5147 and 3503 amino acids, respectively) atypical cadherins [13, 14] . They influence growth by regulating the Hippo-Warts pathway, and they influence planar cell polarity (PCP) through a distinct pathway that can impinge on canonical (Frizzled-dependent) PCP signaling (reviewed in [10, 11] ). Genetic studies of their influence on both PCP and Hippo-Warts signaling have led to the inference that Fat functions as a transmembrane receptor and Ds as its transmembrane ligand [5, [15] [16] [17] [18] . This inference has received further support from the observation that Ds influences a Discs overgrown (Dco)-mediated phosphorylation of the Fat cytoplasmic domain [19, 20] . Binding between Fat and Ds has not been demonstrated directly but instead has been inferred from two classes of experiments. First, transfection of Fat and Ds into distinct populations of cultured Drosophila S2 cells causes these cells to adhere to each other [3] . Second, mutation or overexpression of Fat or Ds in patches of cells in imaginal discs can modulate the distribution of Ds or Fat on neighboring cells in a manner suggesting that Fat:Ds localization is influenced by intercellular binding [4, 9, 17, 21] . Mutation or overexpression of Four-jointed (Fj) can also modulate Fat and Ds localization [4, 9, 17, 21] . This observation, together with genetic studies placing Fj upstream of Fat in both PCP and Hippo-Warts signaling [5, [15] [16] [17] 22] and the determination that Fj is a Golgi-localized kinase that can directly phosphorylate particular cadherin domains of Fat and Ds [23] , raised the possibility that Fj acts by modulating Fat:Ds binding, although other scenarios, such as effects on the trafficking or stability of Fat or Ds, could also be consistent with the published data.
Coexpression of Fj with Fat Elevates Fat:Ds Binding
In order to demonstrate direct binding between Fat and Ds proteins and to establish an assay for characterizing the influence of Fj on this binding, we established a system for quantitatively measuring the effect of Fj on the Fat:Ds interaction. A stably transfected Drosophila S2 cell line (S2-Ds:AP cells) was generated that produced a secreted protein (Ds:AP) consisting of the entire Ds ectodomain fused to human placental alkaline phosphatase (AP). Conditioned medium from this cell line was concentrated and then incubated with stably transfected S2 cells expressing full-length Fat (S2-Fat) or Fat and V5 epitope-tagged Fj (S2-Fat/Fj:V5). Binding sites for the Ds:AP protein on the surface of the S2-Fat and S2-Fat/ Fj:V5 cells were determined by measuring cell-associated AP activity after washing to remove unbound Ds:AP.
Fj expression strongly enhanced the ability of Fat-expressing cells to bind Ds:AP ( Figure 1A ). Whereas Ds:AP binding by the S2-Fat/Fj:V5 cells was easily detected, the S2-Fat cells failed to exhibit detectable binding. The binding depended on the expression of Fat and appeared to be saturable with an apparent dissociation constant of w125 pM ( Figure 1E ). These results indicate that Fj coexpression with Fat promotes formation of Fat:Ds complexes and suggest that Fj may regulate the ability of Fat to bind Ds. However, these data were also consistent with the possibility that Fj instead modulates the trafficking of Fat to the plasma membrane such that the S2-Fat/ Fj:V5 cells have more Fat on their surface. In order to address this possibility, we established a reversed binding assay with stably transfected S2 cell lines that secrete the Fat ectodomain fused to alkaline phosphatase (Fat:AP) with or without concomitant Fj:V5 expression. Concentrated conditioned medium from these two cell lines was incubated with S2 cells stably transfected to express full-length Ds (S2-Ds cells). Whereas binding of Fat:AP coproduced with Fj:V5 was readily apparent, equivalent amounts of Fat:AP produced in the absence of Fj:V5 failed to detectably bind S2:Ds cells ( Figure 1B ). Taken together, these experiments demonstrate that Fj increases the ability of Fat to bind Ds. Consistent with the idea that Fj acts on Fat via its kinase activity, expression of Fj in which an essential catalytic motif (DNE [23] ; see Figure S1 available online) is mutated (to ANE or GGG) failed to promote the ability of Fat to bind Ds ( Figure 1C and data not shown).
Although Fj was required for detectable binding of Fat to Ds in these assays, the weaker phenotype of fj mutants in comparison to ds mutants, as well the ability of S2 cells expressing high levels of Fat and Ds to aggregate without exogenous Fj [3] , implies that Fat does have some Ds-binding ability even without Fj. We attribute this difference to the more stringent conditions of our binding assays, which require individual Fat and Ds molecules to remain bound for an extended period and through many washing steps.
Coexpression of Fj with Ds Impairs Fat:Ds Binding
In order to examine whether Fj might also modify the ability of Ds to bind Fat, the S2-Ds:AP-expressing cells were additionally transfected to express Fj:V5. Figure 1D ).
Fj Has Dual Roles in Regulating
Fat:Ds Binding In Vivo The experiments described above demonstrate that Fj regulates Fat:Ds dimer formation in two ways. One function of Fj is to increase the ability of Fat to bind Ds and thus promote the formation of Fat:Ds dimers when Fj is upregulated in the Fat-expressing cell. The second activity reduces the ability of Ds to bind Fat and thus inhibits the formation of Fat:Ds dimers when Fj is upregulated in the Ds-expressing cell. One prediction of these combined Fj activities is that a cell that strongly expresses Fj could draw the Ds of neighboring cells to their common border while failing to bind the neighboring cell's Fat. We tested this by examining pupal wings containing clones of Fj-overexpressing cells.
Prior experiments examining Fat or Ds relocalization induced by Fj could not clearly define the influence of Fj because confocal microscopy does not have sufficient resolution to distinguish the respective contributions of two neighboring cells to protein staining at the membrane interface between them. Thus, it was not possible to know whether Fat or Ds protein at the edge of an Fj-expressing clone comes from the Fj-expressing cell, its neighbor, or both cells [4, 9, 17, 21] . To bypass this, we generated clones of marked cells both overexpressing Fj and lacking Fat function in pupal wing discs and examined them for Fat localization. Because the Fjexpressing cells lack Fat, the extent of Fat accumulation along the clone border reflects the ability of Ds produced in the presence of Fj overexpression to recruit Fat from the neighboring wild-type cells. We found that Fat failed to localize to the clone border, thus confirming that Fj overexpression reduces the ability of Ds to bind Fat in vivo (Figures 2A and 2B) . In a second experiment, the localization of Ds was examined in clones of cells overexpressing Fj and lacking Ds. In this case, the ability of Ds to accumulate along the clone border is an indication of the ability of Fat produced by the Fj-expressing cells to bind Ds from the bordering wild-type cells. Examination of these wings showed that the Ds in the adjacent wild-type cells was drawn preferentially to the clone border, thus indicating that Fat produced in the presence of high levels of Fj expression has an enhanced ability to bind Ds ( Figures 2C and 2D ). These results confirm that the effects of Fj on Fat:Ds binding defined in the cell-based binding assays described above represent its effects on Fat:Ds binding in vivo.
Fat:Ds Binding Is Mediated by N-Terminal Cadherin Domains
To investigate the molecular mechanism by which Fj modulates Fat:Ds binding, we sought to establish an in vitro binding assay with purified components. Fragments of Fat including portions of the extracellular cadherin domains were labeled with a C-terminal FLAG epitope tag, expressed in S2 cells, and then purified from conditioned medium with anti-FLAG affinity beads. These beads were then assayed for their ability to bind secreted, AP-tagged Ds polypeptides. Because we could not express and purify sufficient quantities of soluble, full-length extracellular domains of Fat and Ds polypeptides for these experiments, we investigated whether smaller (w125 kDa) N-terminal fragments of Fat and Ds, comprising the first ten cadherin domains of each protein (Fat1-10:FLAG and Ds1-10:AP), could bind to each other. Indeed, a modest but reproducible binding of Ds1-10:AP to Fat1-10:FLAG could be detected, and the binding of Ds1-10:AP to Fat1-10:FLAG was increased severalfold when Fat1-10:FLAG was purified from cells cotransfected to express Fj ( Figures 3A and 3B) .
The success of this assay established three important points. First, binding between Fat and Ds is mediated by the N-terminal thirds of their extracellular domains (Fat and Ds contain 34 and 27 cadherin domains, respectively). Binding of Ds1-10:AP to full-length Fat in a cell-based assay was lower than binding of full-length Ds:AP ( Figure 3C ), which might reflect an influence of C-terminal cadherin domains on the folding, structure, or stability of N-terminal cadherin domains. Second, the observation that Fj modulates binding between Fat1-10 and Ds1-10, stimulating it when expressed on the Fat side and inhibiting it when expressed on the Ds side, indicates that sites sufficient for the Fj-mediated modulation of binding are contained within these ten N-terminal cadherin domains. Third, the observation that binding could be detected with an affinity-purified Fat polypeptide implies that Fat does not require additional cofactors to bind to Ds. However, when we affinity purified Ds1-10:AP (with C-terminal V5 or His 6 tags), its Fat-binding activity was lost. Thus, although we suspect that Ds structure was simply not stable through purification, we cannot exclude the possibility that Ds requires association with one or more cofactors for Fat binding. We also found that although inhibition of Ds1-10:AP binding when coexpressed with Fj could be observed in cell-based assays, this inhibition was barely detectable in in vitro assays ( Figure 3D ).
Fj Regulates Fat Binding to Ds by Directly Phosphorylating Cadherin Domain 3
Because Fj is a kinase and its kinase activity is required for its biological activity [23] and its influence on Fat:Ds binding ( Figure 1 and Figure 3 ), one could infer that it modulates binding by phosphorylating its substrates. A subset of the cadherin domains of Fat and Ds are phosphorylated by Fj [23] , but because all of the experiments described above involved in vivo coexpression of Fj, we could not formally exclude the possibility that other, as yet unidentified Fj substrates contribute to its ability to modulate Fat:Ds binding. Moreover, experiments involving in vivo phosphorylation by Fj leave open the question of whether direct phosphorylation of Fat or Ds cadherin domains is sufficient to modulate Fat:Ds binding or whether this phosphorylation instead serves as a precursor to subsequent modifications that actually modulate binding.
To address these questions, we investigated the consequences of in vitro phosphorylation. Because, as noted above, we were unable to purify Ds molecules that retained binding activity, this analysis was restricted to investigations of the influence of Fj on Fat. Fat1-10:FLAG was affinity purified on anti-FLAG beads from conditioned medium of cells that did not express exogenous Fj. This Fat1-10:FLAG was then phosphorylated in vitro with affinity-purified Fj, ATP, and buffer. Comparison of the Ds1-10:AP-binding activity of this in vitrophosphorylated Fat1-10:FLAG to that of mock-treated Fat1-10:FLAG (incubated in the absence of Fj or ATP) established that in vitro phosphorylation of Fat1-10:FLAG enhanced its binding to Ds ( Figure 3A) . In complementary experiments, we assayed the consequences of in vitro removal of phosphates from Fat1-10:FLAG. For these experiments, Fat1-10:FLAG was purified from Fj-expressing cells and then incubated either with Antarctic phosphatase (AnP) or calf intestinal alkaline phosphatase (CIP). Phosphatase treatment of Fat1-10:FLAG reduced its ability to bind Ds1-10:AP ( Figure 3A) . Together, these observations establish that the simple presence or absence of phosphate groups on cadherin domains of Fat is sufficient to modulate its binding to Ds. Because the modulation of binding observed in in vitro modifications was weaker than that achieved by in vivo modifications, it is conceivable that other factors contribute to the effectiveness of Fj modification, but clearly they are not required. The observation that Fat:Ds binding can be modulated by in vitro modification provides independent support for the conclusion from reversed binding experiments that Fj does not enhance Fat:Ds binding by modulating Fat trafficking or stability in vivo and also establishes that, rather than acting as a precursor to subsequent posttranslational modifications or recruitment of cofactors, phosphorylation can act alone to directly modulate Fat:Ds binding.
In prior studies, we mapped several phosphorylation sites on Fat and Ds and identified the minimal requirements for an Fj phosphorylation site, consisting of a Ser or Thr residue at the seventh residue of a cadherin domain [23] . Among the three Fj sites within the first ten cadherin domains of Fat, only the site in cadherin domain 3 is highly conserved among vertebrate and invertebrate Fat homologs ( Figure S2 ). To investigate the functional significance of this site, we first mutated it within Fat1-10:FLAG by changing the conserved Ser residue to either Ala or Asp. The Ser-to-Ala mutation (S273A) completely blocked the ability of Fj to enhance Fat:Ds binding in our in vitro assay ( Figure 3B ). This observation implies that the enhancement of Fat:Ds binding is dependent upon phosphorylation of this single Ser residue in cadherin domain 3. In some cases, the effects of phosphorylation on proteins can be partially mimicked by replacement of Ser residues with Asp residues; however, this was not the case for Fj-mediated phosphorylation of Fat, because the binding of Fat1-10:FLAG with a Ser-to-Asp mutation was not significantly different from that of Fat with the Ser-to-Ala mutation. To investigate requirements for Ser273 phosphorylation in the context of full-length Fat, we employed the cell-based binding assay. Mutation of Ser273 reduced, but did not abolish, the ability of Fj to promote Fat:Ds binding ( Figure S3 ). This confirms that Ser273 contributes to Fj modulation of Fat:Ds binding but at the same time implies that binding interactions of full-length Fat and Ds may be more complex, with contributions from multiple Fj phosphorylation sites.
Discussion
The induction of distinct cell fates in response to quantitatively distinct levels of morphogen signaling is a classic paradigm for developmental patterning and has been well studied [24] . There is also evidence that the vector and slope of morphogen gradients can be interpreted by cells, and used to direct PCP and growth [1] [2] [3] [4] [5] [6] [7] [8] , but the molecular mechanisms by which this occurs have remained poorly understood. The transmembrane receptor Fat is regulated by the graded expression of Fj and Ds [4] [5] [6] [7] [8] [9] . PCP is evidenced in the polarization of cellular structures and cellular behaviors. In some instances, Fat influences PCP through the Frizzled-PCP pathway and polarizes the localization of core PCP proteins (reviewed in [10] ). Fat regulates growth through the Hippo-Warts pathway (reviewed in [11] ), and its effects on Warts are dependent upon Dachs, which is polarized within cells in a Fat-dependent manner and can be considered a direct readout of Fat activity [16, 21] . Thus, for both the Fat-PCP and Fat-Warts pathways, the Ds and Fj gradients appear to act by polarizing Fat activity within cells, but the molecular mechanism by which cells interpret these gradients to polarize Fat activity was unknown. In this report, we have demonstrated that Fj regulates the binding of the Fat receptor to its ligand Ds. Importantly, Fj regulates Fat:Ds binding in two ways. Fj acts directly on Fat to promote its binding to Ds while also acting on Ds to inhibit its interaction with Fat. As described below, these dual opposing influences of Fj on Fat:Ds binding provide a molecular explanation for how the slope and vector of a gradient can be interpreted to establish polarity within cells with high fidelity and irrespective of absolute concentration.
For any cell at any point within an Fj expression gradient, Fjmediated phosphorylation will both enhance the ability of Fat in that cell to bind Ds on neighboring cells and inhibit the ability of Ds in that cell to bind to Fat on neighboring cells ( Figure 4A) . If a neighboring cell is at a higher point in the Fj expression gradient, then Fj-mediated phosphorylation will have a relatively greater effect in both enhancing the ability of Fat to bind Ds and inhibiting the ability of Ds to bind Fat. The net consequence of the dual effects of Fj, then, is that any cell at a relatively higher point in the Fj gradient is both better at receiving a Fat signal and worse at sending a Fat signal (i.e., Ds) than its neighbor at a lower point in the Fj gradient (Figure 4B) . Thus, given uniform Fat and Ds, the dual action of Fj on Fat and Ds is expected to polarize each and every boundary between cells that express different levels of Fj, with relatively higher Fat activity in the cell with higher Fj. Importantly, a similar process is expected to occur on the opposite side of a cell, but there, the cell that had higher Fj expression now confronts a cell with even higher Fj expression, resulting again in lower Fat activity within the cell with less Fj and higher Fat activity within the cell with more Fj. When applied across a tissue where Fj is expressed in a gradient, the mechanism we have identified should thus lead to the polarization of Fat activity within every cell ( Figure 4C) , with the direction of polarization reflecting the vector of the Fj gradient and the magnitude of polarization reflecting its slope. We propose that these initial polarizations in Fat activity could then be amplified by subsequent steps to generate the overt asymmetries in the distribution of core PCP proteins and Dachs. The consequences of the dual action of Fj are evident if one considers what would happen if Fj had only one of its two activities. If Fj were to act only on Fat, then in every cell, Fat would confront equally active Ds on both the high and low side of the Fj gradient ( Figure 4D ). The result would be that Fat activity would vary across the tissue, with high Fat activation in regions where Fj was high and low Fat activity in regions where Fj was low. However, although Fat signaling would differ between cells, individual cells would fail to polarize Fat activity internally. If Fj were to act only on Ds, then Fat activity within cells could still be polarized (Figure 4E) . However, both Fat activity and the efficiency of this polarization could vary across the tissue, because at low Fj concentrations, in order to polarize, a cell would have to make distinctions between two high levels of Fat activity, whereas at high Fj levels, a cell would have to make distinctions between two low levels of Fat activity. The consequence of the dual action of Fj, then, is not only to make the polarization process more efficient, by affecting both Fat and Ds, but also to uncouple it from the absolute concentration of Fj (assuming that the degree to which Fj enhances and inhibits the respective abilities of Fat and Ds to bind each other is comparable). In addition, we note that the dual action of Fj suggests that even though Fat activity is polarized within cells, the absolute amount of Fat activation within cells could be relatively constant across a tissue with graded Fj, which would not be achieved if Fj acted only on Fat or only on Ds (Figure 4) .
In describing this mechanism for how cells interpret an Fj gradient, we have made the simplifying assumption that Ds expression is uniform. In reality, Fj and Ds are generally expressed in opposing gradients [12, 13] . The predicted effect of the opposing Ds gradient would be to strengthen the Fjdriven polarization of Fat activity. Consistent with this idea, the information provided by the Ds and Fj gradients is often partially redundant. For example, the correct polarization of ommatidia in the eye relies on the Ds and Fj gradients, but as long as one of them is expressed in a gradient, over 90% of ommatidia polarize correctly [2] .
Experimental Procedures
DNA Constructs and Stable Cell Lines Fat1-10:FLAG and Ds1-10:FLAG have been described previously [23] . Ds1-10:AP was constructed by replacing the C-terminal FLAG tag of Ds1-10:FLAG with the human placental alkaline phosphatase coding region from Dl:AP [25] . The Fat and Ds expression plasmids, pMT-Fat and pMT-Ds, were generated by cloning expression constructs of pUASFat and pUAS-Ds in pMTHisV5 (Invitrogen) [2] . These were further modified by fusing the human alkaline phosphatase coding region of pAP-Tag2 at the end of the extracellular domains to generate pMT-Fat:AP and pMT-Ds:AP [26] . These four constructs were then further modified by the inclusion of a copia-neo cassette. Stable S2 cell lines expressing Fat, Fat:AP, Ds, or Ds:AP were established after Ca 2 PO 4 -mediated transfection followed by selection with M3 medium containing G418 (1 mg/ml) and single-cell cloning. For cells coexpressing Fj:V5, these lines were retransfected with pMT-Fj:V5hygro, which contains the entire Fj coding region fused to the V5 epitope as well as a copia-hygro cassette, and selected with hygromycin (200 mg/ml). Sequences of these constructs are available on request.
Cell-Based Binding Assays
The binding assays for Figure 1 and Figure S3 were conducted as described previously for suspension cells with the following modifications: (1) 100 ml of 10-fold concentrated cells were used per assay, (2) 2 mM CaCl 2 and 1 mM MgCl 2 were added to all binding and washing solutions, and (3) binding was performed in a volume of 1 ml for 1 hr at 20 C [27] . Ds and Fat expression were induced by the addition of 1 mM CuSO 4 for 24 hr. Conditioned medium for these binding assays was prepared by approximately 20-fold concentration (with a Macrosep 300 concentrator, Pall Corporation) of media from Fat:AP-or Ds:AP-expressing cells that were induced for 48 hr with 1 mM CuSO 4 . Binding activity was calculated after subtraction of the activity measured with medium conditioned by control S2 cells. Cell-based binding assays for Figure 3 were conducted essentially as described previously for Notch-Delta binding assays [25] . Eight micrograms of DNA (3 mg of pUAST-Fat or empty vector, 3 mg of pMT-Gal4, and 2 mg of empty vector or pMT-Fj) was transiently transfected into S2 cells, and expression was induced with 0.7 mM CuSO 4 for 2 days, 24 hr after transfection. Cells were washed with Tris-buffered saline (TBS) and resuspended in TBS at 10 7 cells/ml. A 0.3 ml volume of cells was incubated with 0.3 ml of conditioned medium from cells expressing Ds-AP or Ds1-10:AP (1200 milli-OD/min AP activity) at room temperature for 1.5 hr with mild agitation. Cells were washed in TBS and lysed in 50 ml lysis buffer (10 mM Tris [pH 8.0], 1% Triton X-100) at 4 C for 30 min. A 25 ml volume of lysate was then incubated with 25 ml AP substrate in reaction buffer (1 M diethanolamine, 5 mM MgCl 2 , 6.25 mM p-nitrophenyl phosphate) at 37 C for 30 min, reactions were stopped by addition of 50 ml 1 M NaOH, and substrate production was assayed by spectrophotometry at 405 nm.
In Vitro Binding Assays Purification of Fat:FLAG fragments, in vitro Fj kinase reactions, and in vitro phosphatase reactions were performed essentially as described previously [23] . In brief, conditioned medium from cells expressing Fat1-10:FLAG was incubated with EZview Red ANTI-FLAG M2 affinity agarose beads (Sigma) overnight at 4 C. Beads were collected by gentle centrifugation and washed five times with TBS. Binding assays were performed essentially as described for Notch-Delta binding [25] . In brief, 0.1 mg Fat1-10:FLAG on beads was incubated with 300 ml Ds1-10:AP conditioned medium (2400 milli-OD/min) for 1.5 hr at room temperature. Beads were washed in TBS, and binding was quantified by assaying AP activity. Fj phosphorylation of cadherin domains was performed in 10 ml reactions with 1 mM ATP, 50 mM Tris (pH 7.0), 10 mM MnCl 2 , 10 mM CaCl 2 , 0.1% bovine serum albumin, purified secreted Fj:V5 (10 ng, 0.17 pmol), and purified Fat1-10:33FLAG (0.1 mg, on beads) at 37 C for 1 hr with mild agitation. Beads were then washed four times in TBS and used for in vitro binding. Phosphatase treatment of cadherin domains was performed with Antarctic phosphatase reaction buffer or CIP buffer and 5 units of phosphatase at 37 C for 1 hr. Beads were then washed four times in TBS and used for in vitro binding.
Immunocytochemistry and Genetics
Pupal wing discs were stained after fixation in phosphate-buffered saline containing 4% paraformaldehyde and 0.1% Triton X-100 with rabbit anti-GFP (Molecular Probes) and either rat anti-Fat (1:1000) or anti-Ds (1:5000) as described previously [4] with FITC-conjugated anti-rabbit and Cy3-conjugated anti-rat antibodies (Jackson Immunochemicals). Clones were induced by 1 hr heat shock at 37 C at 48-72 hr of development.
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